studies were carried out, e.g., those of Serag et al. (1998 ), El Shayeb et al. (2002 , and Salama and Ali (2003) on the Mediterranean coast of Egypt and Shaltout et al. (2003) and Abd El-Ghani and Amer (2003) on the Red Sea coast and the Sinai Peninsula. Moreover, the works of Abd ElGhani et al. (2013) and Salama et al. (2013) in Egypt and Abdel Khalik et al. (2013) in Saudi Arabia are among most recent studies conducted that highlight the importance of the application of numerical methods such as cluster and correlation analyses and multivariate techniques such as correspondence analyses to express the relationships between weed species and relevant habitats.
From a preliminary study of the literature and herbaria reviews, the succulents are represented by 82 plant species in Egypt. These can be classified into 59 leafy succulents (e.g., Zygophyllum coccineum L. and Mesembryanthemum crystallinum L.) and 23 stem succulents [e.g., Arthrocnemum macrostachyum (Moric.) C.Koch and Anabasis articulata (Forssk.) Moq.] . Generally, the biological spectrum of the succulent species in Egypt includes 35 shrubs, 18 perennial herbs, and 29 annuals.
This study aims to identify the geographical distribution patterns of succulent plants in Egypt and to assess the aspects of floristic diversity and vegetation composition associated with the 5 selected most common succulent desert plants in relation to the prevailing soil factors. Between 2004 and 2007 , an extensive survey was carried out at 13 different georeferenced sites representing 6 phytogeographic regions in Egypt (Wickens, 1977) . A total of 59 stands (20 × 20 m), georeferenced using a Trimble SCOUT GPS model, were randomly chosen in the 13 sites to represent the apparent variation in the different habitats, distributed as follows: 14 in the Nile region, 9 along the western Mediterranean coast, 18 in the Sinai Peninsula North and South, 13 along the Red Sea coast, and 5 in the Eastern Desert (Figure 1 ). In each of the studied stands, ecological notes and presence or absence of plant species were recorded. The line intercept technique (Canfield, 1941) was applied to estimate the cover of the species recorded. In order to perform this analysis, a measuring tape of 20 m in length was laid out on the ground and the crowns that overlapped or intercepted the lines were calculated. This was carried out 5 times for each stand such that a total of 100 m of length was monitored. The presence (P%) was calculated as the number of stands where species were recorded divided by the total number of stands × 100. Identification of species was carried out at the herbarium of Cairo University (CAI). Taxonomic nomenclature was according to Täckholm (1974) and Boulos (1995 Boulos ( , 1999 Boulos ( , 2000 Boulos ( , 2002 Boulos ( , 2005 Boulos ( , 2009 ). 
Materials and methods

Vegetation sampling
The selected species
Among the 21 succulents recorded during this study, 5 species were found to be of common occurrence. Anabasis articulata (Forssk.) Moq., Zygophyllum coccineum L., and Haloxylon salicornicum (Moq.) Bunge ex Boiss. were among the xerophytic succulents, while Arthrocnemum macrostachyum (Moric.) C.Koch is a halophytic succulent and Zygophyllum album L. is a haloxerophytic succulent (Hassib, 1951) .
Soils sampling and analysis
Soils samples were collected from each stand at 3 depths: 0-10, 10-25, and 25-50 cm. The samples were pooled together to form one composite sample, spread over sheets of paper, and left to dry in the air. Dried soils were passed through a 2-mm sieve to remove gravel and debris, and were then packed in paper bags for physical and chemical analyses. Soil textural analysis was determined by the hydrometer analysis method, and the results were used to calculate the percentages of sand, silt, and clay. The soil textural classes were determined by textural triangle diagram, and calcium carbonate content was determined volumetrically using Collin's calcimeter apparatus. Soluble bicarbonates were determined according to Page et al. (1982) . Soil extracts were prepared and then used in order to determine chemical analysis. Soil reaction (pH) was measured in soil-water extract (1:2.5) using a Beckman pH meter. The electrical conductivity (EC) was measured in soil-water extract (1:5) using a conductivity meter. Sulfates were determined gravimetrically and the soluble sulfates were precipitated as barium sulfates. Sodium and potassium ions were determined using a flame photometer. Calcium and magnesium ions were determined by titration with EDTA. The estimation of chlorides in the soil extract was carried out by titration method against silver nitrate (AgNO 3 ) using potassium chromate (K 2 Cr 2 O 7 ) as an indicator. Total mineral nitrogen including ammonia and nitrate in soil was determined using the Kjeldahl method. Available phosphorus was determined by the Olsen method. Available potassium in the soil was extracted with ammonium acetate and measured with a flame photometer. The method of Jackson (1973) was used for all analysis techniques.
Data analysis
Classification and ordination of the associated vegetation of the studied succulent plants were performed using presence/absence data. For this purpose, a floristic data matrix (the monitored 59 stands and the recorded 137 recorded species) was subjected to classification by 2-way indicator species analysis (TWINSPAN) using the default settings of the computer program PC-ORD for Windows, version 4.14 (McCune and Mefford, 1999) . TWINSPAN is a FORTRAN program for arranging multivariate data in an ordered 2-way table by classification of the stands and species. An ordered 2-way table that expresses succinctly the relationships of the stands and species within the data set was constructed. Indicator species refer to the preferential species used by TWINSPAN to distinguish the sample groups. The stands are ordered first by divisive hierarchical clustering, and then the species are clustered based on the classification of stands (Gauch and Whittaker, 1981) .
Preliminary analysis using the default options of detrended correspondence analysis (DCA; Hill and Gauch, 1980) in the CANOCO program, version 4.0 for Windows (Ter Braak and Šmilauer, 1998) , was applied to check the magnitude of change in species composition along the first ordination axis (i.e. gradient length in standard deviation units). DCA estimated that the compositional gradient in the vegetation data ranged from 4 to 10 standard deviation units for most subset analyses and thus was the appropriate ordination method to perform direct gradient analysis (Ter Braak and Prentice, 1988) . Direct gradient analysis is that in which species composition is directly and immediately related to measured environmental variables (Ter Braak, 1986) . In CANOCO, the relationships between vegetation gradients and the studied environmental variables can be indicated on the ordination diagram produced by the canonical correspondence analysis (CCA) biplot. Each arrow determines an axis upon which the species points can be projected. The exploratory CCA was evaluated using interest correlations and CCA axes were evaluated statistically by means of a Monte Carlo permutation test (499 permutations; Ter Braak and Prentice, 1988) .
All data variables were assessed for normality (SPSS 17.0 for Windows) prior to the CCA analysis, and appropriate transformations were performed when necessary to improve normality according to Zar (1984 
, potassium (K + ), total mineral nitrogen (N), phosphorus (P), available potassium (aK), sand, silt, and clay. Due to high inflation factors for Na + , aK, and Cl -, they were excluded from the CCA analysis. The TWINSPAN vegetation groups were subjected to one-way analysis of variance (ANOVA) based on soil variables to find out whether there were significant variations among groups. Analysis of variance provides an insight into the nature of variation of natural events, which is possibly of even greater value than the knowledge of the method as such (Sokal and Rohlfs, 1981) . Species richness (SR) within each separated TWINSPAN vegetation group was calculated as the average number of species per stand. The ShannonWiener diversity index was calculated from the formula H′ = -ΣPi lnPi (Pielou, 1975) , where H′ is Shannon-Wiener diversity index and Pi is the relative cover of the ith species.
Results
Distribution patterns of succulents
The Appendix shows the distribution of the succulent flora in the different phytogeographic regions of Egypt. The Sinai Peninsula and the Mediterranean regions included most of the succulent species: 60 species (73.2%) in 11 families in the Sinai, and 44 species (53.7%) in 14 families in the Mediterranean region. The most species-rich succulent family is Chenopodiaceae (28 species), followed by Aizoaceae (10 species) and then Zygophyllaceae (6 species), Crassulaceae, Orobanchaceae, and Tamaricaceae (5 species each). The best represented genera are Suaeda (9 species), Zygophyllum (5 species), Salsola and Caralluma (4 species each), and Mesembryanthemum and Euphorbia (3 species for each).
Species varied according to their affinities in the different phytogeographic regions. Only Hyoscyamus muticus and Arthrocnemum macrostachyum were represented in all 7 phytogeographic regions. Suaeda vera, S. vermiculata, and Cistanche phelypaea were represented in 6 regions each, exhibiting a wide geographical and ecological range of distribution. Some species showed a certain degree of consistency, i.e. were confined to a certain phytogeographic region. Ten species were confined to Gebel Elba, such as the perennial herb Caralluma acutangula, while the perennial shrubs Haloxylon negevensis and Umbilicus rupestris were confined to Sinai and the annual Suaeda altissima and the salt marsh subshrubs Suaeda palaestina and Tetradiclis tenella were confined to the Mediterranean region.
From an attempt to compare the floristic composition of succulent plants of arid regions in countries neighboring Egypt, Table 1 shows that the most succulent speciesrich families were Chenopodiaceae, Aizoaceae, and Zygophyllaceae, respectively. In Sudan, Euphorbiaceae (6 species) ranked second to Chenopodiaceae (7 species). It was also obvious that Egypt had the highest number of succulents (82 species), followed by Palestine and Saudi Arabia (51 species for each), Libya (48 species), and Sudan (47 species).
Spatial distribution patterns of the studied succulents
In this study, a total of 137 species of vascular plants were recorded, belonging to 37 families. They consisted of 1 tree (Tamarix nilotica), 57 shrubs and subshrubs constituting the largest portion of the collected flora (41.6%), 30 herbaceous perennials representing 21.9%, 2 biennials, and 47 annuals representing 34.3% of the recorded species. The most species-rich families were Chenopodiaceae (24) and Asteraceae (23), representing 17.5% and 16.8% of the total collected flora, respectively, followed by Zygophyllaceae and Poaceae (10 each), Brassicaceae and Fabaceae (7 each), Polygonaceae (5), and Aizoaceae and Boraginaceae (4 each).
Regarding 5 the most common succulent species, Anabasis articulata was collected from 13 of the 59 studied stands ( Figure 2 ) in 4 of the 6 selected regions as follows: 3 from the Red Sea region, 3 from the western Mediterranean region, 4 from the North Sinai region, and 3 from the South Sinai region. Zygophyllum album was collected from 15 stands as follows: 4 from the Nile region, 5 from the Red Sea coastal region, 2 from the Eastern Desert region, 1 from the western Mediterranean coastal region, and 3 from the North Sinai region (Figure 2 ). Haloxylon salicornicum was Table 1 . Numbers of succulent species in different families in the flora of Egypt as well as other adjacent countries for comparison. Sources: 1 = Boulos (1999, 2000, 2002, 2005) ; 2 = Zohary (1966 Zohary ( , 1972 and Feinbrun-Dothan (1978 , 1986 3 = Migahid (1996) ; 4) Flora of Libya (different families); 5 = Andrews (1950, 1952, 1956 
Classification of the associated vegetation
The TWINSPAN classification of 59 stands resulted in 8 vegetation groups (A-H; Table 2 ) at the third level of hierarchical classification. A dendrogram is depicted in Figure 3 , along with the indicator species that characterize the stand groups. Table  3 displays the variations in soil characteristics among the identified TWINSPAN vegetation groups. Clearly, 9 soil parameters were highly significant (P ≤ 0.01), and 4 showed significant differences (P ≤ 0.05). Species richness (SR) was also highly significant among the groups.
Group A: Mesembryanthemum crystallinumMesembryanthemum nodiflorum group
This group comprised 22 species in 3 stands located in Burg El-Arab, along the western Mediterranean region. The soil was loamy sand with the highest values of soil reaction (pH), calcium carbonates, and potassium; high content of bicarbonates; very low values of salinity, chlorides, and sulfates; and the lowest calcium content (Table 3) . Five common associated species (P = 66.7%) were recognized, highest values of potassium; high contents of pH, sodium, chlorides, and silt; and low content of calcium carbonates. Phragmites australis was the codominant species of this group (P = 75%).
Group H: Tamarix nilotica group
This group comprised 17 species in 3 stands located in the salt marshes of the Nile and Eastern Desert regions. The soil was characterized by the highest values of EC, calcium, chlorides, and silt; high contents of magnesium, potassium, and sulfates; and the lowest content of sand. Juncus rigidus was the codominant species of this group (P = 66.7%).
Species-soil relationships of the studied succulents
The successive decrease of the eigenvalues of the first 3 CCA axes (Table 4) suggests a well-structured data set. The species-environment correlations are higher for the first 3 canonical axes, however, explaining 94.8% of the cumulative variance. These results suggest an association between vegetation and the measured soil parameters presented in the triplot (Jongman et al., 1987) . A test for significance with an unrestricted Monte Carlo permutation test (499 permutations) found the F-ratio for the eigenvalue of axis 1 and the trace statistic to be significant (P < 0.002), indicating that the observed patterns did not arise by chance. From the interset correlations of the soil factors with the first 3 axes of CCA (Table 4) , it can be noted that CCA axis 1 is highly positively correlated with K + and highly negatively correlated with CaCO 3 . This can be seen more clearly in the ordination triplot (Figure 4 ). This axis can be defined as the aK-CaCO 3 gradient. CCA axis 2 is highly positively correlated with sand and highly negatively correlated with silt. This axis can be defined as the sand-silt gradient.
The information shown in Figure 4 also indicates that the distribution of Arthrocnemum macrostachyum (Art mac) was affected by Mg and EC, assigned to vegetation group (G). The distribution of Zygophyllum album (Zyg alb), which was assigned to groups (E) and (F), was affected by SO 4 , EC, and Ca . Anabasis articulata, Haloxylon salicornicum, and Zygophyllum coccineum were assigned to groups (C), (B), and (D), respectively. These species were highly affected by percentages of sand and clay and values of CaCO 3 , N, and pH. Earlier studies recognized the Arthrocnemum macrostachyum group, e.g., Kassas and Zahran (1967) in the littoral salt marshes of the Red Sea coast; Abd ElGhani (2000) in the Siwa Oasis; Mashaly (2001) in the western sector of the deltaic Mediterranean coast of Egypt; Ramadan (2002) in Lake Manzala, Egypt; and Abd ElGhani and El-Sawaf (2005) in the saline depressions along El Arish and Rafah road verges (North Sinai). Galal and Fawzy (2007) recognized the Chenopodium murale-Mesembryanthemum crystallinum group in the and Galal and Fawzy (2007) , who distinguished this group by its high soil contents of sulfates, calcium, magnesium, sodium, and potassium. Anabasis articulata is one of the common desert succulent chenopods that are capable of building phytogenic mounds in various phytogeographical territories of Egypt, demonstrating wide ecological amplitude. This study revealed that the Anabasis articulata group is the most diversified (52 species) among other recognized vegetation groups. This vegetation group inhabited the limestone formations of the Eastern Desert (Kassas and Girgis, 1965; El Adawy, 2001 ) and the salt marshes of the western Mediterranean desert (Ayyad and E1-Ghareeb, 1982) . This study also showed that soils with higher values of calcium carbonate, pH, and sand have the characteristic edaphic conditions associated with the Anabasis articulata group. This result is similar to those of other relevant studies (Baayo, 2005) . It has been repeatedly recorded in many parts of the country, e.g., the Cairo-Suez desert (Kassas and El-Abyad, 1962) , the Helwan Desert (Girgis, 1962) , the coastal plain of the Gulf of Suez and in Wadi El-Tor of South Sinai (Zahran and Willis, 1992) , Wadi Qena of the Eastern Desert (Zahran et al., 1995) , and the gravel plains at the foot of the Diffa plateau in the Sallum and Sidi Barani areas of the western Mediterranean coast of Egypt (Salama et al., 2005) . Outside of Egypt, it was also found in Wadi Al-Ammaria in Saudi Arabia (Alyemeni, 2001) and in the Cholistan desert in Pakistan (Arshad et al., 2008) . This study identified the vegetation group of Haloxylon salicornicum-Deverra tortuosa-Polygonum equisetiforme-Carduncellus mareoticus, which was not recorded earlier. It inhabited soil with high contents of calcium carbonate and sand and low contents of salinity. This result is in line with other relevant studies (Alyemeni, 2001; Arshad et al., 2008; Shaltout et al., 2008) .
Discussion
On the other hand, Zygophyllum coccineum is a widespread xerosucculent inhabiting the drainage channels of the limestone desert, and in this investigation it formed a distinct vegetation group, Zygophyllum coccineumZilla spinosa, in the Red Sea coastal lands, Eastern Desert, and South Sinai. Shaltout et al. (2004) identified Zygophyllum coccineum-Zilla spinosa communities along the Egyptian Red Sea coastal lands. Several studies recognized Zygophyllum coccineum as a community associated with Zilla spinosa (Kassas and El-Abyad, 1962; Kassas and Girgis, 1965; Abd El-Ghani, 1998) . Monotypic communities of the dominant species were recorded (Fossati et al., 1998 in sand contents and calcium carbonates, with low values of salinity. The results of this work are consistent with those of other similar studies (Shaltout and El-Sheikh, 2002; Hegazy et al., 2004) . In Egypt, Zygophyllum album is an omnipresent species with a wider ecological range than Zygophyllum coccineum (Kassas and Girgis, 1965) . It was recognized in several habitats of the country, such as in the littoral salt marshes (Kassas and Zahran, 1967) , in the inland deserts, in the wadis of the limestone country (Kassas and Girgis, 1964) , in the sand dunes of the oases of the Western Desert (Zahran, 1972) , and in the inland salt marshes of Wadi El Natrun (Zahran and Girgis, 1970) . The soil supporting its growth is characterized by high contents of sand, salinity, chlorides, sodium, and sulfates. This result is similar to those of all other relevant studies Hussein, 2005) . Several authors recognized this group, including Kassas and Girgis (1965) in some wadis of the limestone desert extending to the east of the Nile Valley, Ayyad and El-Ghareeb (1982) in salt marshes of the western Mediterranean desert of Egypt, Shaltout and El-Sheikh (2002) in demolished houses and abandoned fields and along the terraces of railways on the borders of the Nile Delta, and Abd El-Ghani and El-Sawaf (2005) in the saline depressions between El Arish and Rafah on northeastern Mediterranean coast of the Sinai. In the salt marsh stands of the Nile, the soluble chlorides in the soil of Z. album were at higher levels than the sulfates. This was also reported by Kassas and Zahran (1967) , who concluded that in the soil of Z. album the levels of chlorides nearly equal or are higher than those of sulfates.
With regards to the phytogeographical territories, the Sinai Peninsula and the Mediterranean regions were home to most of the succulent species. The vegetation associated with the 5 most common succulent plants in the arid lands of Egypt was analyzed, and variations in their floristic composition were described. Altogether, 137 species belonging to 37 families of vascular plants were recorded in this study. The most succulent species-rich families were Chenopodiaceae, Aizoaceae, Zygophyllaceae, and Crassulaceae. TWINSPAN classification revealed 8 vegetation groups; most of the studied succulent plants were assigned to a certain group. Vegetation associated with Arthrocnemum macrostachyum was affected by Mg and EC; Zygophyllum album was affected by SO 4++ , EC, and Ca ++ ; and Anabasis articulata, Haloxylon salicornicum, and Zygophyllum coccineum were highly affected by percentages of sand and clay and values of pH, CaCO 3 , and N. (1999, 2000, 2002; 2005) , T = Täckholm (1974), E = El Hadidi and Fayed (1994/95 
